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Abstract

Current technology development in light emitting diodes has enabled high efficiency operation, low energy
consumption and lifetimes, thereby creating new possibilities in conventional display and lighting industry. Recent
work is also creating more unusual uses in biomedicine and in sensing applications, where conformal contact over
curvilinear surfaces is required. Here, ultrathin device geometries and optimized mechanical designs, including
neutral mechanical plane layouts and serpentine interconnects, provide indicators and lighting modules with
arbitrary shapes capable of integrated on nearly any type of substrates. Biomedical devices such as light emitting
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suture threads, and glove-mounted optical proximity sensors demonstrate the versatility of this strategy and create
great new opportunities.
Key words: µ-ILEDs, stretchable array, serpentine interconnects, proximity sensors

1. Introduction
Light emitting diodes (LED) are rapidly finding applications in wide ranging applications, from flat panel displays to
residential and commercial lighting systems [1].

More efforts are exploring the use of LEDs for implantable

biomedical devices, such as endoscopes, lighting devices mounted on catheters and photodynamic therapy devices for
drug activation [2-4]. Other, new concepts in bio-related sensing and radiation applications are also being investigated
[5-11]. Optical energy transfer, for example, can promote cell growth and neural transmission [12]. Most such
applications require, however, conformal contact capability to allow intimate integration with the soft and curvilinear
surfaces of the body.

Several research-level as well as commercial-level lighting devices using organic materials have

been reported for flexible LEDs that can conform to cylindrical surfaces [13-16]. However, one-directional bending of
such bending prohibits wrapping of more general curvilinear surfaces, thereby precluding their application in many
biomedical sensors and devices. The chemical, mechanical and thermal fragility of these materials and the relatively
low levels of brightness that they can support also restrict the way that they can be used. High quality inorganic III-IV
materials for LEDs, on the other hand, can provide much more reliable and stable performance. Conventional inorganic
LED materials are, however, rigid and brittle; these mechanical properties are incompatible with multi-directional
deformations of the type that are desirable for the aforementioned applications. Optimized choices of structure and
geometry can overcome these limitations. In particular, ultrathin inorganic LEDs, which we refer to as μ-ILEDs, with
non-coplanar serpentine interconnects, in which brittle inorganic materials and metals are located near the neutral
mechanical plane (NMP), can yield systems capable of tolerating more than ~100% stretching with linear elastic
mechanical responses, in >105 stretching cycles and various multi-directional modes of deformation.

In the following,

we describe this type of LED technology, through various application demonstrators.

2. Results
2.1. Transfer printing and fabrication process
The fabrication process begins with the definition of arrays of individual devices (100 μm × 100 μm) on an initial GaAs
wafer, in a free-standing format by undercut removal of sacrificial AlAs layers (p-GaAs / quantum well / n-GaAs / AlAs,
from top to bottom).

Here, photopatterned polymer features (i.e. anchors) located at the four corners of each device

hold them in a suspended configuration, slightly above the underlying wafer [17]. Retrieving these LEDs using a flat
silicone rubber stamp lifts them from the wafer; transfer printing delivers the devices onto a target substrate, in this case
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a glass plate coated with thin layers of polymers (epoxy / polyimide (PI) / poly(methylmethacrylate) (PMMA)). Figure
1 describes detailed fabrication process to fabricate ultrathin LED (μ-ILEDs) arrays with serpentine interconnects.
Passivating the sidewalls with epoxy, exposing the n-contact area to wet etching [18], and forming openings for the pGaAs and n-GaAs contacts defines connection paths for interconnects. The interconnects have serpentine design, with
an overcoat of epoxy to locate the active materials near the NMP [19]. Oxygen RIE removes polymer from the regions
between the LEDs to complete the fabrication process on the glass, as shown in Fig. 2a (left).

Fig. 1. Schematic illustration of the fabrication process (adapted from Fig. S1 of reference [18]).

After releasing the interconnected array of μ-ILEDs from the glass substrate (Fig.2 left) by removing the PMMA, layers
of Cr/SiO2 (3/30 nm) are deposited through a shadow mask onto the backsides of the device islands (Fig. 2a center).
The final step involves transfer printing to a stretched piece of poly(dimethylsiloxane) (PDMS) (Fig. 2a right); releasing
the prestrain creates non-coplanar layouts in the interconnects, to yield a stretchable μ-ILED array, as shown in Fig. 2b,
left. A white dotted box in the right frame of Fig. 2b highlights the location of a representative μ-ILED island; the
strong adhesion to the PDMS substrate is evident. The serpentine interconnects are, by contrast, weakly adhered, which
leads to their delamination into non-coplanar configurations.
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Fig. 2. (a) Schematic illustration of steps for integrating an array of μ-ILEDs in a mesh configuration onto
an elastomeric substrate adapted from Fig. S2 of reference [18]), (b) Photograph image of 6X6 stretchable μ-

ILED array (left) and corresponding SEM image (right) (Right image is adapted from Fig. S3 (b) of
reference [18]).

2.2 Stretchable μ-ILED arrays
The ultrathin (~5μm thick) design with non-coplanar serpentine interconnects enables stable and high performance
operation during various, extreme deformations. Figure 3a summarizes two dimensional in-plane stretching tests for
directions along horizontal (top) and diagonal (bottom) to the interconnects.

The combination of in- and out-of-plane

conformational changes in the serpentine interconnects accommodates the resulting deformations without significant
strains at the positions of the μ-ILEDs.

The applied strain, calculated from inner edges of adjacent pixels before and

after stretching, reaches ~60% and ~59% along horizontal and diagonal direction, respectively.

Figure 3b shows the

tilted SEM images and corresponding strain distributions from 3D-FEM under ~20% pre-strain before (top left) and after
(top right) applying external strain (~60%) in the horizontal direction. These modeling results (Fig. 3b bottom) indicate
peak strains in the metal interconnect and the μ-ILEDs that are both are >300 times smaller than the applied strain. The
current-voltage (I-V) curves of Fig. 3c and stretching cycles test up to 100,000 times of Fig. 3d show no noticeable
changes.
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Fig. 3. (a) Optical microscope images of two pixels in an array of μ-ILEDs with a serpentine interconnects before (left frame)
and after (right frame) external stretching along the horizontal (top) and diagonal (bottom) directions (adapted from Fig. S5
(a) and (b) of reference [18]).

(b) SEM and FEM simulation of two pixels in an μ-ILED array before (left frame) and after

(right frame) stretching along the diagonal direction (adapted from Fig. S4 (b) and (c) of reference [18]). (c) Current-voltage
(I-V) characteristics of this array measured in the strained configurations shown in Fig.3a (adopted from Fig. 1 (c) of
reference [18]). (d) Voltage at 20 μA current for different cycles of stretching to 75 % along the horizontal direction
(adopted from Fig. 1 (c) of reference [18]).

2.3 Stretchable μ-ILEDs array on various substrates
μ-ILED arrays printed on substrates with unconventional shapes are important for various future applications, including
biomedical devices, smart fabrics, paper electronics, etc. Figure 4 shows μ-ILED arrays integrated on substrates of
various materials with certain types of deformation modes.

Each substrate was coated with thin (~50μm) layer of

PDMS as a planarizing adhesive and strain isolation layer [20]. Bending and folding were performed on swatches of
fabric and tree leaves and sheets of paper. In addition, a random crumpling, whose deformation modes are composed of
random, multi-directional folding or bending, was demonstrated on pieces of aluminum foil.
its deformed status functioned well, with uniform emission characteristics.
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All pixels of each array in

Figure 3b and 3c provide SEM images

before and after coating of thin PDMS layer. Smooth surfaces (fig. 4c), otherwise rough (fig. 4b) without the coatings,
are clearly observed.

Fig. 4. Optical image of arrays of interconnected μ-ILEDs, integrated on tree leaves, patches of fabric, sheets of paper, and
aluminum foil in their bent and on state (from left to right in order) (adapted from Fig. S13 of reference [18]).
of corresponding substrates as shown in Fig. 4a (adapted from Fig. S15 of reference [18]).

(b) SEM images

(c) SEM images after coating of

thin layer of PDMS on to various substrates (adapted from Fig. S15 of reference [18]).

Other examples of unusual substrates include threads, tubes, and rods. Figure 5 presents a single μ-ILED device with
long (~1 cm) metal interconnects, integrated on threads with different diameters (~2500 μm, ~700 μm and ~300 μm for
these demonstrations). NMP as well as strain isolation designs play important roles in preventing mechanical fractures
under these deformations (center: making a knot, right: bending). Integration on these and other small substrates is
challenging with the usual techniques for transfer printing. Instead, we rolled these threads over the glass carrier
substrate in a manner that avoided the use of a separate transfer stamp and the associated difficulties in alignment and
contact (Fig. 3b).
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Fig. 5. (a) Optical image of a single μ-ILED with long straight interconnects, integrated on a flexible threads with diameters of
~2.5 mm (left), ~0.7 mm (center), and ~0.3 mm (right), respectively (adapted from Fig. S16 of reference [18]).

(b) Schematic

illustration of the rolling method for integration (left) and devices built using this approach (center, right) (adapted from Fig. 3
and S16 of reference [18]).

2.4 Application
Co-integration of microscale, inorganic photodetectors (μ-IPDs) and μ-ILEDs in a stretchable format can yield complete,
functional systems for both emission and detection.

To demonstrate this type of capability in an application example,

we built flexible, short range proximity sensors on vinyl gloves.

This system configuration provides a lighting source

and a detector of backscatter of light. The intensity of this backscatter from a proximal object can be correlated to the
distance to the object. The μ-IPDs, which are built using GaAs epitaxial layers similar to those for the LEDs but
operated under reversed bias, detects the light emitted from the μ-ILEDs.

The left frame of Fig. 6 demonstrates this

type of system, integrated onto the fingertip region of a vinyl glove. As expected, the backscattered photocurrent
increases gradually with decreasing distance to the proximal object, as shown in the right frame of Fig. 6 for different
reverse bias voltages.
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Fig. 6. Optical image of an array of μ-ILEDs and μ-IPDs (4×6) with serpentine metal interconnects, transfer-printed on the
fingertip region of a vinyl glove (left) and a plot of photocurrent as a function of distance between the sensor and an object
(white filter paper) for different reverse bias and different voltages (right) ((adopted from Fig. 6 (c) of reference [18])).

3. Summary
In summary, the stretchable LED technology described in this report uses a variety of mechanically optimized designs,
such as NMP layouts, ultra-thin configurations, and serpentine interconnects. The result is a type of technology that is
capable of providing important, unusual capabilities, in mechanics and shape. In particular, the stretchability of this
type of device, to strains up to ~100% or more, can open up new possibilities in conformal electronic devices and sensor
systems, particular those that integrate with the human body to provide advanced surgical or diagnostic functionality.
Examples of multi-modal systems include proximity sensors incorporating μ-PDs and μ--LEDs for robotics or surgical
applications. Additional work to combine integrated circuits and other sensor modalities into these and other classes of
device represents a promising future direction.
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